SUMMARY: Candida albicans is a major cause of invasive fungal infections. Mortality attributable to candidemia is very high, even when patients are treated with adequate antifungal agents. Therefore, it is important to investigate the mechanisms of immune response to C. albicans. Invariant natural killer T (iNKT) cells, innate lymphocytes that express an invariant T cell receptor a chain, participate in the response to various microbes, including two fungal pathogens, Aspergillus fumigatus and Cryptococcus neoformans. However, it is unknown whether iNKT cells play a role in the immune response to C. albicans. In this study, we have investigated the role of iNKT cells in the host defense against systemic C. albicans infection in mice. We compared the survival and fungal clearance between control mice and Ja18KO mice, which specifically lack iNKT cells, after intravenous C. albicans infection. There was no difference in the survival and fungal burden in the kidneys of the control and Ja18KO mice. Furthermore, production of inflammatory cytokines in several organs during C. albicans infection did not significantly differ between these two groups. These results suggest that iNKT cells play a minor role in controlling systemic C. albicans infections in mice.
INTRODUCTION
Candida spp. are commensal yeasts that colonize the human skin as well as the oral and gastrointestinal mucosal surfaces (1) . Candida spp. are the fourth leading cause of nosocomial bloodstream infection, and an estimated 28,000 cases of candidemia occur annually in the United States (2) (3) (4) . Importantly, mortality attributable to candidemia is very high (approximately 40z), despite the use of antifungal agents (5) . Therefore, developing new therapies, including immunotherapy, for invasive Candida infection is an area of siginificant research interest. It is particularly important to understand the molecular mechanisms of immune response to Candida albicans, the Candida sp. most frequently isolated from patients (6) .
Neutrophils and mononuclear phagocytes are essential components of innate immune resistance to C. albicans (1, 6) . Interferon g (IFNg) stimulates these cells to inhibit the growth of C. albicans (7) (8) (9) . In addition, IFNg-deficient mice or IFNg-receptor deficient mice are more susceptible to C. albicans infection (10) (11) (12) . These data show that Th1-mediated acquired immunity plays an important role in the host defense against C. albicans infection. It is known that innate lymphocytes, including gd T cells and natural killer T (NKT) cells, which can produce IFNg, also participate in the response to many microbial pathogens. Depletion of gd T cells by injection of anti-pan gd T cell receptor antibodies increases the susceptibility to orogastric Candida infections (13) , suggesting that gd T cells play a role in the response to C. albicans.
NKT cells express both a T cell antigen receptor (TCR) and an NK receptor (14) (15) (16) (17) . A major subset of NKT cells express an invariant a chain (Va14-Ja18 in mice or Va24-Ja18 in humans), which is paired with a restricted Vb repertoire. These cells are referred to as invariant NKT (iNKT) cells or type I NKT cells (14) (15) (16) (17) . In contrast to conventional CD8 ＋ and CD4 ＋ T cells, which recognize peptide antigens presented by major histocompatibility complex (MHC) class I and class II molecules on antigen-presenting cells (APCs), iNKT cells recognize glycolipid antigens presented by the MHC class 1-like molecule CD1d (14) (15) (16) (17) . Upon antigen stimulation, iNKT cells promptly produce large quantities of cytokines such as interleukin (IL)-4 and IFNg and stimulate both innate and adaptive immune responses. Due to this unique activity, iNKT cells participate in a variety of immune responses, including antitumor immunity, antimicrobial responses, autoimmunity, and allergic diseases (14) (15) (16) (17) .
It has been shown that iNKT cells play a protective role in host defense against two major fungal patho- gens, Aspergillus fumigatus (18) and Cryptococcus neoformans (19) . However, it is unknown whether iNKT cells play a role in the host defense against C. albicans infections. In this study, we have investigated the role of iNKT cells in controlling systemic C. albicans infections using Ja18 deficient (Ja18KO) mice, which specifically lack the iNKT cells (20) .
MATERIALS AND METHODS
Animals: C57BL/6 (B6) mice were purchased from Japan SLC Inc. (Shizuoka, Japan). Ja18KO mice (B6 background) (20) were provided by H. Watarai and M. Taniguchi (Riken Research Center for Allergy and Immunology, Kanagawa, Japan). All mice were maintained in a specific pathogen-free facility at the National Institute of Infectious Diseases in Japan. All experiments were reviewed and approved by the Animal Care and Use Committee of the National Institute of Infectious Diseases.
Yeast cultivation and infection: To prepare the inocula, C. albicans strain SC5314 was cultivated in YPD (yeast extract, peptone, dextrose) broth with overnight shaking at 309 C. Yeast cells were washed with phosphate buffered saline (PBS) and resuspended in PBS at the desired concentration. Mice were inoculated with a designated number of yeast colony-forming units (CFU) via the retro-orbital venous plexus. To confirm the fungal dose injected into mice, 100 ml of the yeast cell suspension was plated on YPD agar plates, and the number of CFU was determined after 24 h of incubation at 309 C.
Sample collection and determination of fungal burden: The animals were euthanized on day 3 or day 6 after infection. Blood samples were obtained by cardiac puncture and collected in aseptic tubes containing EDTA-2Na, and the liver, spleen, and kidneys were aseptically dissected. Organs were homogenized in 2 ml (spleen and kidneys) or 5 ml (liver) of PBS, and 100 ml of the homogenate was plated on YPD agar plates. The number of CFU was determined after 24 h of incubation at 309 C. The remaining homogenates were centrifuged at 1,710 × g for 10 min at 49 C, and the supernatants were filtered through a 0.22-mm pore-size filter obtained from Millipore Corp. (Billerica, Mass., USA), or a 0.2-mm pore-size filter obtained from Sartorius AG (Gottingen, Germany), and stored at -309 C for further analysis. Blood samples were centrifuged at 9,730 × g for 10 min at 49 C, and the supernatants were collected, diluted with PBS, and stored at -309 C for further analysis.
Cytokine concentration measurement: Amounts of IL-6, tumor necrosis factor (TNF), and IFNg proteins were measured using sandwich enzyme-linked immunosorbent assay (ELISA) kits obtained from Becton, Dickinson and Company (Franklin Lakes, N.J., USA).
Statistical analysis: Mouse survival was analyzed using the log-rank test. All other statistical analyses were performed using an unpaired t-test. All P values less than 0.05 were considered significant. The results are presented as the mean ± the standard error of the mean (SEM). GraphPad Prism software (version 5) was used for all statistical analyses.
RESULTS
Comparison of survival between iNKT deficient Ja18KO mice and wild-type (WT) mice after C. albicans infection: To determine whether iNKT cells play a role in the host defense against C. albicans, we employed iNKT deficient Ja18KO mice and control WT mice. We first examined the survival of Ja18KO and WT mice after intravenous infection with C. albicans. We infected these mice with 1.5 × 10 4 CFU of C. albicans and Fig. 2 . Fungal burden in the kidneys of Ja18KO and WT mice infected with C. albicans. Ja18KO and WT mice were infected intravenously with C. albicans at a dose of 6.0 × 10 4 CFU/ mouse. The fungal burden in the kidneys of Ja18KO and WT mice were determined on day 3 (A) and day 6 (B). The P values of the difference of fungal burden in kidneys on day 3 and day 6 were 0.61 and 0.76, respectively. Similar results were obtained in two independent experiments. Table 1 . IL-6, TNF, and IFNg production in Ja18KO mice and WT mice infected with C. albicans Ja18KO mice and wild-type (WT) mice were infected intravenously with C. albicans at a dose of 6.0 × 10 4 CFU/mouse. The level of interleukin (IL)-6, tumor necrosis factor (TNF), and interferon (IFN)g in the liver, kidneys, spleen, and plasma was measured on day 3 (WT, n ＝ 5; Ja18KO, n ＝ 5) and day 6 (WT, n ＝ 6; Ja18KO, n ＝ 5) after infection. TNF and IFNg were not detected in the plasma. ND, not detected. The production of IL-6, TNF, and IFNg was not significantly different between the two groups. Similar results were obtained in two independent experiments. Ja18KO mice and WT mice were infected as described in Table 1 . The level of keratinocyte-derived chemokine (KC), macrophage inflammatory protein (MIP)-2, and interleukin (IL)-17 in the liver, kidneys, and spleen was measured on day 3 (WT, n ＝ 5; Ja18KO, n ＝ 5) and day 6 (WT, n ＝ 5; Ja18KO, n ＝ 5) after infection. The production of KC, MIP-2, and IL-17 was not significantly different between the two groups. Similar results were obtained in two independent experiments. 524 measured the survival time. The mean survival times of WT and Ja18KO mice were equivalent (25.5 and 22.5 days, respectively), and there was no significant difference between the two groups (Fig. 1A) . We next infected the WT and Ja18KO mice with a higher dose of C. albicans and measured the survival time. The mean survival time of the WT and Ja18KO mice was also equivalent in these experiments (Fig. 1B: 10 .0 and 9.5 days, respectively; Fig. 1C: 8.0 and 6.0 days, respectively). Thus, there was no significant difference in the survival time between Ja18KO and WT mice (Fig. 1A-C) .
Fungal burden in the kidneys of Ja18KO and WT mice after C. albicans infection: We next examined the fungal burden in the mouse kidneys on days 3 and 6 after C. albicans infection. The fungal burden in the kidneys at day 3 ( Fig. 2A) and day 6 (Fig. 2B) post-infection was not significantly different between the Ja18KO and WT mice. We also examined fungal burden in the livers of these mice, but there was no difference between the two groups (data not shown). These results suggest that iNKT cells do not play a major role in fungal pathogen clearing in systemic C. albicans infections.
Production of inflammatory cytokines in Ja18KO and WT mice infected with C. albicans: It has previously been shown that iNKT cells play an anti-inflammatory role during infection with Mycobacterium bovis BCG (21), although they are not involved in bacterial clearance (21, 22) . Production of TNF in organs was increased in the Ja18KO mice compared to that in WT mice after M. bovis BCG infection. Additionally, IFNg production generally increased in the organs of Ja18KO mice compared to that in the organs of WT mice (21) . Similarly, it was shown that mice with severe pathology in the kidneys exhibited increased production of inflammatory cytokines, including IL-6, TNF, and IFNg in C. albicans infection (23) . To determine whether iNKT cells participate in the initiation or regulation of the inflammatory response during C. albicans infection, we measured the production of inflammatory cytokines in the plasma and organs (including the liver, spleen, and kidneys) of Ja18KO and WT mice on days 3 and 6 after C. albicans infection. Production of IL-6, TNF, and IFNg was not significantly different between the two groups (Table 1) . Furthermore, we measured the amount of keratinocyte-derived chemokine (KC), macrophage inflammatory protein (MIP)-2, and IL-17, which play important roles in neutrophil recruitment in the organs of Ja18KO and WT mice. However, there was no significant difference between the two groups ( Table 2 ). These results suggest that iNKT cells have a limited role in controlling systemic C. albicans infections.
DISCUSSION
iNKT cells combine features of both the innate and the adaptive immune systems (14) (15) (16) (17) and play a role in the host defense against various microbial pathogens including bacteria, protozoa, and viruses (14, 17) . Although iNKT cells play a protective role against two fungal pathogens, A. fumigatus (18) and C. neoformans (19) , it was unknown whether iNKT cells played a role in the response to C. albicans infections. In this study, we used iNKT-deficient Ja18KO mice to determine whether iNKT cells contribute to controlling systemic C. albicans infection. Our results showed that Ja18KO mice were not more susceptible to C. albicans infection than WT mice. However, because we used only one strain of C. albicans in this study, we cannot exclude the possibility that iNKT cells play a role in controlling other strains of C. albicans infection.
Although iNKT cells play a limited role in the outcome of systemic C. albicans infection, it is likely that iNKT cells can respond to C. albicans in systemic infection. Recent studies indicate that iNKT cells can respond rapidly to blood-borne antigens due to their normal presence in sinusoids in the liver and marginal zone and in the red pulp of the spleen (24) (25) (26) . For example, iNKT cells patrol the liver sinusoids under normal conditions (24, 25) . Upon intravenous Borrelia burgdorferi infection, they respond to blood-borne antigens by forming stable contacts with Kupffer cells that have captured bacteria (25) . It has also been shown that the presence of iNKT cells in the spleen enables these cells to respond rapidly to blood-borne antigens (26) . During A. fumigatus infection, iNKT cells were activated by cytokines produced by dendritic cells that had been stimulated with b-glucan (18), a molecule that is also abundant in C. albicans. Indeed, when co-cultured in vitro with C. albicans and dendritic cells, iNKT cells produced IFNg in a b-glucan/dectin-1-dependent manner (18) . Furthermore, iNKT cells were shown to produce IFNg during C. albicans infection (27, 28) . These findings show that iNKT cells can respond to C. albicans.
It is possible that iNKT cells do not influence neutrophils and/or mononuclear phagocytes, which are major effector cells during the clearance of C. albicans. There was no difference in the production of KC, MIP-2, or IL-17, which play important roles in neutrophil recruitment, between Ja18KO and WT mice ( Table 2) . iNKT cells did not contribute to microbial clearance during Salmonella infection (29, 30) , although these cells produced IFNg in response to this pathogen (30, 31) . Similarly, iNKT cells may not stimulate major effector cells to enhance pathogen clearance during C. albicans infection. Interestingly, NK cells also play a limited role in host defense against C. albicans infection (32) , even though these cells can produce IFNg in response to C. albicans (27, 33) .
It has been shown that both the Th1 response (10,11) and Th17 response (34) are important for the response to mucosal C. albicans infections. iNKT cells can produce various cytokines, including IFNg and IL-17. Recent studies have shown that different subsets of iNKT cells predominantly produce IFNg or IL-17 and that the proportion of these subsets varies in different organs or tissues (35) (36) (37) . iNKT cells play a protective role in host defense against lung infection with the fungal pathogens A. fumigatus (18) and C. neoformans (19) . Therefore, iNKT cells may play a role in host defense against mucosal C. albicans infection. Future studies are required to assess the role of iNKT cells in mucosal C. albicans infection.
In summary, our data show that iNKT cells have a limited role in controlling systemic C. albicans infections. Our results provide significant information for understanding the function of iNKT cells in the host defense against fungal pathogens, a process which is not completely understood.
